T he chemistry at the surface of solid acid catalysts is of vital importance for industrial catalytic applications, yet a precise molecular picture of these surfaces remains elusive. Attempts to obtain a clear view of the Brønsted acid sites in solid acids such as sulfated zirconia have resulted in multiple proposed models, in part due to the difficulty in characterizing the surface structures of these materials, but also because of wildly variable properties that depend on the preparation conditions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Discerning the molecular structures responsible for the activity of solid acid catalysts provides a richer perspective on the functional properties and catalytic mechanisms of these materials, and illuminates the fundamental surface chemistry that relates the molecular structures and their functions. Recently, the synthesis of a metal-organic framework (MOF) solid acid catalyst was reported, achieved by treating a Zr-based MOF, MOF-808, with sulfuric acid to yield the solid acid MOF, MOF-808-SO 4 , which was shown to be capable of performing several acid-catalysed reactions 12, 13 . In this report, we conclusively identify the structure of the strong Brønsted acid site in MOF-808-SO 4 as a hydrogen bond pair of two species, water and chelating sulfate, adsorbed on the surface of its zirconium clusters, where the acidic proton arises as a result of the hydrogen bond. We achieved this through a union of crystallographic, spectroscopic and computational studies. We also show that MOF-808-SO 4 exhibits good activity and selectivity for the dimerization of isobutene to isooctene, and that dehydration of the material significantly reduces the catalytic activity, which confirms the role of water as necessary to the strong acidity of the site.
Results and discussion
The preparation of MOF-808-SO 4 was performed by first synthesizing pristine MOF-808 (Fig. 1a) , Zr 6 O 5 (OH) 3 (BTC) 2 (HCOO) 5 (OH 2 ) 2 (BTC, benzenetricarboxylate), with a subsequent exchange of the formate ions on the zirconium clusters for sulfate ions simply by washing the MOF in dilute sulfuric acid 12, 14 . The MOF-808 backbone comprises an octahedron of zirconium atoms that are triply bridged by μ 3 -O and μ 3 -OH groups. The formate groups in the pristine structure each bridge two zirconium atoms to form a six-membered belt around the cluster 13 . One cluster is connected to six other clusters through BTC linkers, three above and three below the belt of formates, which results in a framework with spn topology. Once the formate ions are exchanged for sulfate to yield MOF-808-SO 4 ( Fig. 1b) , these sulfates may take on multiple binding modes and can take one of several positions along the belt interspersed between additional ligated water molecules, which results in long-range disorder from one cluster to the next. As this disorder is confined to the surface species on the zirconium clusters, the surface of each cluster has a slightly different local molecular 'decoration' (Fig. 1c) , whereas the structural backbone of MOF-808 is still conserved throughout [15] [16] [17] [18] . Our challenge is to understand the molecular decoration of the zirconium clusters in MOF-808-SO 4 by first identifying the structures that decorate the cluster surface, and from there, discerning which arrangement of decorating structures results in a strong Brønsted acid site.
Understanding the molecular decoration of the zirconium clusters. To elucidate the coordination mode of sulfate is essential to discern the local structures that exist on the surface of the clusters. Single-crystal X-ray diffraction analysis of a crystal in aqueous solution showed that the sulfate groups are coordinated in both a bridging and chelating mode ( Supplementary Fig. 1 what factors control the coordination mode of these ions, selenated MOF-808 (MOF-808-SeO 4 ) was synthesized in a similar manner to sulfated MOF-808. The MOF-808-SeO 4 framework in aqueous solution was found to possess only one coordination mode for selenate, in which selenate bridges two zirconium atoms, which suggests that perhaps the increased atomic radius of selenium enforces the bridging coordination mode. However, on activation of these two MOFs under a dynamic vacuum and heating at 120 °C, both sulfate and selenate were found to have shifted exclusively into the chelating mode. This was confirmed using a Rietveld refinement of the samples measured by powder X-ray diffraction (PXRD) in an argon atmosphere. The solid acid nature of MOF-808-SO 4 is only observed after activation at 120 °C, which suggests that the chelating coordination mode of sulfate is a key contributor to its catalytic activity. Quantifying the average molecular formula for MOF-808-SO 4 constrains further the possibilities for ligand disorder on the surface of the zirconium clusters. Here, balancing the charge on the zirconium clusters guides our stoichiometric analysis. Using inductively coupled plasma-optical emission spectroscopy for elemental analysis, 2.3 sulfur atoms per 6 zirconium atoms were found, so an average of 2.3 sulfate groups per zirconium cluster. As each zirconium atom is in the + 4 oxidation state, there is an excess of positive charge that is not properly accounted for within the model so far. To probe this, we turned to powder neutron diffraction (PND) to obtain more precise information on the occupancies and thermal ellipsoids of light elements within the framework (Fig. 2a) . A sample of MOF-808-SO 4 with a deuterated BTC linker was measured at 10 K and 300 K and refined simultaneously against a structure model, which revealed a 1:1 ratio of μ Substantially more electron density is located around the position of the oxygen that connects zirconium to sulfur, O6, which is the same location as the coordinated water molecules bound to the cluster in the as-synthesized MOF-808-SO 4 . Note that the sulfate position could not be located by PND due to the low occupancy and extremely weak neutron scattering factor of sulfur, and thus information from PXRD was used in combination with elemental analysis to confirm its presence in this sample.
As the only electron density unaccounted for in this model is located at position O6, where water is present in the structure prior to activation, we can infer that the balance of the excess positive charge is achieved here by a terminal hydroxide, produced by the deprotonation of water molecules. This assumption is plausible given that terminal water molecules bound to zirconium hydroxide clusters have been found to be acidic 19, 20 . The position thus accounts for the crystallographically superimposed oxygen from sulfate groups, hydroxide and water molecules that were not removed during the activation process. This overlap excludes the possibility of determining the precise coordinates of the hydroxide, water and sulfate oxygen, but the total occupancy of these species was refined freely, and converged to 78.4 ± 1.1%. This corresponds to 9.4 oxygen atoms per cluster, out of a possible 12. As there must be 4.6 oxygen atoms from 2.3 bidentate sulfate groups, as found by elemental analysis, and 1.4 hydroxide groups for charge balancing, this leaves 3.4 ± 0.1 oxygen atoms unaccounted for, and so are assigned to ligated water. This was confirmed by thermogravimetric analysismass spectrometry on the activated sample, which demonstrated the loss of 3.1 water molecules per cluster prior to structure decomposition ( Supplementary Fig. 16 ). The first water signal observed from the mass spectrometer peaked at 143 °C, which indicates water is still present after evacuation and heating. After a small, second water-loss event at 236 °C, the structure decomposes at around 350 °C. This trend can be explained by considering that the loss of neutral terminal water ligands would not collapse the structure, but once the framework is completely dehydrated any further mass loss leads to structure decomposition, as this involves the loss of charged species. Evidence from elemental analysis, PND, 1 H NMR spectroscopy of the digested MOF and thermogravimetric analysis-mass spectrometry, led to an average molecular formula of Zr 6 O 4 (OH) 4 (BTC) 2 (SO 4 ) 2.3 (OH) 1.4 (OH 2 ) 3.1 (DMF) 0.4 (DMF, dimethylformamide) for the activated form of MOF-808-SO 4 .
Identifying the strong Brønsted acid site. With the average chemical formula now known, the possible species that decorate each zirconium cluster are constrained, which simplifies the task of identifying the Brønsted acid site in MOF-808-SO 4 . The potential acidic sources are discussed in turn. First, terminal hydroxide may be eliminated simply because terminal water is present and bound to the cluster in the same manner as the hydroxide, with terminal water being known to be more acidic 18, 19 . Protons on the sulfate can also be ruled out because the pH of the solution when the MOF is washed with water after incorporation of the sulfate is 3.5, whereas the pK a2 value of sulfuric acid is 1.92 (ref. 21 ). Therefore, sulfate must be fully deprotonated at this stage. A direct comparison between μ 3 -OH and terminal water is not as straightforward; however, we found that the water molecules bound to the framework could be successfully removed by holding the temperature at 220 °C overnight with the crystallinity and porosity maintained. Hereafter, this sample is referred to as dehydrated MOF-808-SO 4 . If the water molecules are, 4 and visualization of differences in molecular decoration. a, Pristine MOF-808 comprises six connected zirconium-based metal clusters that contain five formate groups and are linked by BTC into the depicted spn topology framework. b, These formates may be substituted with sulfate anions, which coordinate in a bidentate fashion to zirconium, either in a chelating mode to a single zirconium atom, or in a bridging mode to two zirconium atoms. Sulfate is predominantly in the bridging mode in the solvated MOF, and converts exclusively to the chelating mode after activation by heating under a dynamic vacuum. c, Two representations of the modelled zirconium clusters, with BTC linkers omitted beyond the coordinating carboxylate group, highlight the differences in molecular decoration between different clusters in the overall structure. A similar stoichiometry of hydroxide, water and sulfate groups are present on each cluster, but the local arrangement and apportionment of these groups differ. Zr-based clusters (Zr 6 O 5 (OH) 3 ), blue polyhedra; O, red; C, grey; S, yellow; H, white; pores, large yellow spheres. In a and b, hydrogen atoms are omitted for clarity. a.u., arbitrary units.
indeed, the most acidic species present, the material should lose its strong acid properties on dehydration.
To determine if water molecules are the source of the most acidic protons, we adsorbed trimethylphosphine oxide (TMPO) into MOF-808-SO 4 as a probe of acidity and performed 31 P magic-anglespinning (MAS) solid-state NMR spectroscopy. TMPO interacts with Brønsted and Lewis acid sites via the lone pairs on its oxygen atom. Strong acid sites polarize the phosphorus-oxygen bond, which results in a linear relationship between the 31 P chemical shift values of adsorbed TMPO and the strength of the acid site, where a higher 31 P chemical shift corresponds to a stronger acid site [22] [23] [24] [25] [26] . MOF-808-SO 4 with adsorbed TMPO showed a 31 P resonance at 69 ppm associated with a strongly acidic site (Fig. 2b,i) , consistent with previous observations for this material 12 . This resonance at 69 ppm was found to be absent when TMPO was used in dehydrated MOF-808-SO 4 (Fig. 2b,ii) . As the loss of a water molecule is associated with the loss of the strongest acid site, this result supports the role of terminal water as the strongest Brønsted acid source.
At this point, two key molecular features that decorate the zirconium clusters are now identified as essential to the acidity of MOF-808-SO 4 : the chelating mode of sulfate and terminal water ligand. In isolation, neither of these two species is sufficient to account for the acidity of this MOF, and therefore its strong Brønsted acidity must arise from a specific arrangement of these species on the cluster surface. Given the many possible ways to decorate the belt of the cluster with terminal water, terminal hydroxide and chelating sulfate, several arrangements were chosen to be modelled and geometrically optimized using density functional theory (DFT). The formula Zr 6 O 4 (OH) 4 -O and -OH groups arranged in the commonly reported alternating arrangement to minimize charge repulsion, (2) modelling sulfate as chelating to zirconium as opposed to bridging, (3) using a terminal hydroxide to charge balance the cluster and (4) including 2-3 water molecules per cluster. Additionally, individual clusters were modelled by truncating the linker with acetate groups, which assumes the clusters are electronically decoupled. The most enlightening result obtained from the different modelled arrangements on the clusters is from the comparison of terminal water in isolation versus one adjacent to a chelating sulfate group. An O-H bond length of 0.98 Å was observed on the terminal water molecules that have no significant interactions with neighbouring adsorbed molecules. However, when the terminal water molecule was adjacent to a chelating sulfate, there was a strong hydrogen bond interaction, with an O-H bond length that ranged from 1.02 to 1.05 Å, depending on the particular cluster modelled, significantly longer than the O-H bond with no hydrogen bonding. This was accompanied by an O-H … O angle of 163-166° and a short H … O hydrogen bonding distance of 1.50-1.66 Å, which indicates that the proton was very weakly bound. Indeed, the system can be viewed as a protonated conjugate of an adsorbed pair of hydroxide and sulfate, with the proton sitting between the two groups, but localized mostly on the hydroxide. One example of this site on a modelled cluster is represented in Fig. 3 , which was modelled with overall two water molecules and two chelating sulfate groups located on opposite sides of the zirconium cluster.
The broken symmetry of the water molecule at this proposed acid site implies that the water participating in a hydrogen bond to a chelating sulfate should have distinctly different spectroscopic signatures for its two proton environments. We refer to these two sites as H a for the acidic proton on water that participates in the hydrogen bond to the chelating sulfate, and H b for the other proton that points into free space. To probe these proton chemical environments directly, we performed Section 7 and Supplementary Tables 4 and 5 ). The difference in chemical shift (Δ δ) between the H a and H b protons in the acid site is calculated for the two cases to be Δ δ = 5.1 and 9.1 ppm, respectively. Water that lacks a strong hydrogen bonding interaction to the chelating sulfate is calculated to have only Δ δ = 2.0 ppm between the two protons. The changes in the spectra in Fig. 4a after dehydration suggest that the two lost resonances belong to the H a and H b protons on the water molecule in the acid site with Δ δ = 5.6 ppm, where H a , the acidic proton, is the downfield resonance.
To confirm that these two resonances are the H a and H b protons that belong to the same water molecule, a rotor-synchronized double-quantum (DQ) MAS NMR experiment with a back-to-back recoupling sequence was performed. This experiment correlates P MAS solid-state NMR spectra of TMPO adsorbed into MOF-808-SO 4 (blue) (i) and dehydrated MOF-808-SO 4 (red) (ii). The peak at 69 ppm, assigned to TMPO interacting with the strong Brønsted acid site, is lost on dehydration. The peak centred at 42 ppm is due to excess TMPO that does not interact with acid sites directly. Other peaks in the spectra belong to TMPO adsorbed at various µ proton resonances in the standard single-quantum (SQ) spectrum by their proximity to one another through space. A peak in the DQ dimension indicates that a pair of protons is in close enough proximity to generate a double quantum coherence 27 . As the closest pairs of protons in MOF-808-SO 4 belong to those on µ 1 -water molecules, we expect these to be the primary coherences observed. The intensity of these peaks is dependent on the number of duplicate pairs that exhibit this coherence as well as the efficiency at which this coherence is excited, that is, the internuclear distance 28 . The SQ H a and H b resonances at 8.7 and 2.5 ppm, respectively, exhibit strong cross peaks at a DQ frequency of 11.2 ppm, which indicates their close spatial proximity and confirms that these two resonances must arise from a single water species (Fig. 4b) . The low-intensity cross peaks between 8.7 and 3.1 ppm may arise from a small subset of H a and H b protons in acid sites with a slightly different local arrangement of nearest-neighbour µ 1 -OH and µ 3 -OH groups. Along the diagonal, a strong autocorrelation DQ peak at around 5.0 ppm is observed for an SQ resonance at around 2.5 ppm, which arises from pairs of protons that belong to isolated terminal water at other sites on the zirconium cluster. The chemical environment of the protons on water molecules that do not neighbour a chelating sulfate is similar to the chemical environment of the H b proton in the acid site and, accordingly, their chemical shifts should be similar. This is supported by our DFT calculations, in which the chemical shifts of protons in these environments were calculated to be within about ± 1 ppm of one another. The 1 H solid-state NMR results reveal a picture consistent with the proposed molecular conformation of the Brønsted acid site, in which water hydrogen bonded to sulfate has two protons with inequivalent O-H bond lengths and inequivalent chemical shifts. The subsequent loss of these peaks after dehydration at 220 °C is correlated with a loss of acidity, which results in the conclusion that the strong Brønsted acid site arises from this hydrogen-bonding interaction between water and a chelating sulfate.
Removal of water at the acid site impacts catalytic performance. These results suggest a structure-property relationship in MOF-808-SO 4 , where water must be present and adjacent to a chelating sulfate to yield a strong acidity. We sought to test this hypothesis by measuring the activity of MOF-808-SO 4 in catalysing the dimerization of isobutene (2-methyl-1-propene), and to see whether H DQ-MAS NMR spectrum of MOF-808-SO 4 with SQ and DQ skyline projections (blue). The spectrum was recorded at 12.5 kHz with two cycles of the back-to-back recoupling sequence for excitation and reconversion of the DQ coherence. The two peaks that are lost on dehydration appear at 2.5 and 8.7 ppm and exhibit a DQ coherence at 11.2 ppm, and are assigned as the inequivalent protons on the terminal water hydrogen bonded to a chelating sulfate. The prominent peak along the autocorrelation diagonal at 5 ppm is assigned as a terminal water elsewhere on the zirconium cluster, not adjacent to a sulfate.
removing the water molecule in the active site by dehydration would affect this activity. The dimerization of isobutene may yield two products, either 2,4,4-trimethyl-1-pentene or 2,4,4-trimethyl-2-pentene, both referred to as isooctene (Fig. 5a) . The terminal alkene product is prized as a starting material to synthesize terminal aldehydes and alcohols, but both alkene products may be hydrogenated to form 2,4,4-trimethylpentane, known as isooctane, a valuable gasoline octane booster [29] [30] [31] . In the process of dimerizing isobutene, higherorder alkene oligomer products greater than C8 may form, which is typically disfavoured, as a separation step is required to isolate the C8 species. Selectivity for C8 products is crucial if isooctane is the desired product 32, 33 . To that end, MOF-808-SO 4 was benchmarked against other solid acid catalysts for C8 selectivity and conversion efficiency (sulfated zirconia, Amberlyst and H-ZSM-5) using a continuous gas flow set-up, with isobutene diluted in helium and at atmospheric pressure (Supplementary Section 11) . The advantage of using a gas flow set-up over a solvent-based process is that it allows for continuous production, and negates the need to purify isooctene from solvent mixtures. Our benchmark materials were chosen based on their capacity to operate under these conditions, and their catalytic activities were evaluated with respect to the mass of the catalyst. MOF-808-SO 4 was found to be active even at room temperature, with conversion peaking at 160 °C at 21.5%, which outperformed Amberlyst, sulfated zirconia and H-ZSM-5 under these conditions (Fig. 5b) . The C8 selectivity of MOF-808-SO 4 was 100% at 80 °C and lower, yet remained at 92.8% at 160 °C, similar to sulfated zirconia (Fig. 5c) . The C8 product distribution for both MOF-808-SO 4 and sulfated zirconia runs at about 4:1 in favour of the terminal alkene product ( Supplementary Figs. 28-30 ). H-ZSM-5 and Amberlyst exhibit a C8 selectivity under 35% at all temperatures, to form a mixture of many different higher-order oligomers. Although the C8 selectivity and product distribution for MOF-808-SO 4 and sulfated zirconia are comparable, under longer experiments of up to 15 days at 80 °C, MOF-808-SO 4 does not lose activity or selectivity, Amberlyst is the most active at low temperatures, whereas MOF-808-SO 4 has a strong temperature dependence. Dehydrated MOF-808-SO 4 has a significantly lower conversion efficiency, which indicates that the presence of water adjacent to a chelating sulfate is responsible for the majority of the activity. c, Plot of the selectivity for dimer products over higher-order oligomers. Both Amberlyst and H-ZSM-5 have poor selectivity and favour higher-order oligomers at all temperatures. MOF-808-SO 4 , dehydrated MOF-808-SO 4 and sulfated zirconia have a nearly 100% selectivity for dimer products up to 80 °C. d, Plot of the long-term catalytic performance of MOF-808-SO 4 for the dimerization of isobutene at 80 °C, 120 °C and 160 °C against sulfated zirconia at 80 °C. The conversion efficiency for MOF-808-SO 4 is maintained at 80 °C, but at higher temperatures the material loses activity with an increasing rate, probably due to desorption of the terminal water from the clusters at these temperatures. Sulfated zirconia at 80 °C has approximately one-third of the activity of MOF-808-SO 4 at 80 °C, but falls to about half this value by 240 h, whereas MOF-808-SO 4 maintains its conversion level throughout this period. maintaining a constant 15% conversion, whereas the conversion efficiency of sulfated zirconia drops by around 60% from its starting value of 5.2% (Fig. 5d) . MOF-808-SO 4 does begin to lose activity at 120 °C and 160 °C, and at a faster rate with increasing temperature, consistent with the notion that the desorption of water from the zirconium clusters at higher temperatures should affect the Brønsted acid site. Indeed, when dehydrated MOF-808-SO 4 was tested as a catalyst, the conversion was 80% less than that of MOF-808-SO 4 at 80 °C (Fig. 5b) . The great majority of the catalytic activity of the material can thus be attributed to this acid site, where water is adjacent and hydrogen bonded to the chelating sulfate. The C8 selectivity and product distribution for dehydrated MOF-808-SO 4 are almost identical to that of MOF-808-SO 4 and sulfated zirconia, which indicates that this acid site alone is not responsible for the selectivity. We conclude that perturbing the strong Brønsted acid site by removing the water adjacent to the chelating sulfate has a significant negative impact on the catalytic performance of MOF-808-SO 4 . The remaining activity of the material in the absence of this water molecule suggests that Lewis acid sites in the material may also contribute to its activity, but to a lesser extent, a possibility supported by the observation of open metal sites in the PND refinement of the structure (Supplementary Section 2) . Regeneration of the catalyst thus only requires replacing the water molecule adjacent to the sulfate, which can be done by repeating the solvent exchange and activation process. Future work may find a more efficient process whereby the catalyst is regenerated continuously during the operation by the addition of water vapour into the product stream, and so maintain the active site even at higher temperatures.
The relative strength of this acid site compared to that of other acids is of interest, as its structure may serve as a model for the design of new strong acid sites. Although MOF-808-SO 4 has been previously stated to be superacidic by colorimetric methods 12 , these methods can sometimes prove unreliable for acid sites that exist at the interface of the solid and gas phase 34 . We can provide a thermodynamically based estimate of the acidity of this specific Brønsted acid site based on a previously calculated relationship between the 31 P chemical shift of adsorbed TMPO and the deprotonation energy of simulated Brønsted acid sites 21, 22 . The TMPO resonance at 69 ppm correlated to the acid site in this material corresponds to a deprotonation energy of 1,214 kJ mol -1 . It is generally accepted that a superacid is a medium in which the chemical potential of the proton is higher than that in sulfuric acid 35 . The deprotonation energy for gas-phase sulfuric acid has been experimentally determined to be 1,295 kJ mol -1 (ref. 36 ), which suggests that this Brønsted site in MOF-808-SO 4 is at the very least comparable to sulfuric acid, and may even be considered superacidic by this measure. At its core, the structure of this site in MOF-808-SO 4 is characterized by the pairing of two bases (chelating sulfate and μ 1 -OH) supported on two neighbouring zirconium atoms and sharing a weakly bound proton between them. Thus, such a Brønsted acid site construct may be quite generalizable, as it may be possible to reduce the deprotonation energy of this proton to yield even stronger acidity by manipulating the identities of these two bases or of the support atoms.
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